Abstract
Introduction
It has been reported for a long time that large earthquakes can cause various hydrological responses, such as the variations in groundwater level (Liu et al., 1989; Roeloffs, 1996; Akita and Matsumoto, 2001; Huang et al., 2004; Sil, 2006; Chia et al., 2008; Niwa et al., 2012; , springs and stream discharge (Manga, 2001; Montgomery and Manga, 2003; Manga et al., 2003; Wang, et al., 2004; Manga and Rowland, 2009; Mohr et al., 2012) . Among them, changes in well water levels are the most commonly reported phenomenon.
Abrupt changes in well water levels in the nearfield (within 1-2 fault lengths) are often explained by the static poroelastic strain of aquifers caused by earthquakes (Wakita, 1975; Roeloffs and Bredehoeft, 1985; Matsumoto and Roeloffs, 2003; Akita and Matsumoto, 2004; Wang and Chia, 2008; Shibata et al., 2010; Zhang and Huang, 2011; Shi et al., 2012) . In the intermediate and farfield (many fault lengths), the static poroelastic strains from displacement during earthquakes are small and can fail to explain the sign of the sustained variations in water levels . Brodsky et al. (2003) proposed a new model for coseismic pore pressure steps in the farfield, in which the temporary barriers from the groundwater flow are removed by more rapid flow caused by seismic waves and thus the permeability is enhanced. This hypothesis was supported by subsequent observations of permeability enhancement in the farfield (Elkhoury et al. 2006 , Wang et al., 2009 Geballe et al., 2011; Manga et al., 2012) . Xue et al. (2013) found a similar phenomenon in the deep borehole at WFSD-1 (Wenchuan earthquake Fault Scientific Drilling) where post-mainshock healing is interrupted by permeability increases associated with regional and teleseismic earthquakes. The permeability enhancement hypothesis therefore appears to be useful for farfield datasets.
As the datasets of permeability changes increase, a persistent question is the relative importance of the poroelastic and dynamic stresses in controlling the permeability changes in the nearfield where the static and dynamic stress fields are more difficult to disentangle. Here we use the exemplary digital data of the Groundwater Monitoring Network (GMN) of water wells in the region of the Wenchuan earthquake to examine this question.
The great w 7.9 Wenchuan earthquake on May 12, 2008 caused widespread water level changes both on the Chinese mainland and in the Taiwan region (e.g. Yang et al., 2008; . Huang (2008) studied the coseismic water level steps on the Chinese mainland in response to this earthquake, and proposed that for confined and consolidated aquifers, water level changes reflect the change in the in-situ borehole strain. Zhang and Huang (2011) found that the poroelastic theory can be used to explain the coseismic water level changes within 1.5 fault lengths. Shi et al. (2012) revisited this problem and concluded that within 500 km, the sign of the co-seismic water level changes can match the static stress field predicted from a dislocation model, though the magnitudes may be inconsistent for some wells. In this paper, we examine the underground water level data in the region of this large earthquake, use the phase shift of tidal responses as a proxy for the permeability variations over time for the wells that have resolvable tidal responses, and compare M the results to both the predicted static stress field and the coseismic water level step pattern. We attempt to study the permeability variation and recovery time following this large earthquake in the nearfield, which is significant for understanding the physical origin of permeability variation and recovery.
Data
The digital transformation of the Groundwater Monitoring Network (GMN) in China was completed by the end of 2007. The water levels in wells are measured by the LN-3 digital recorders, and the sampling interval is one minute (The Monitoring and Forecasting Department of China Earthquake Administration, 2007). The great w 7.9 Wenchuan earthquake happened on May 12, 2008, so we were able to collate data from the GMN of the China Earthquake Networks Center from 2007 to 2009 in the nearfield, which we define as within 1.5 fault lengths of the surface rupture. As is shown in Figure 1 , there are 16 wells in all and 15 of them respond to this large earthquake, whereas one well (YY) has no response.
For the tidal analysis, we limit the dataset to high quality water well records with well-resolved tides (Table 1 ). (Note: Because the surface rupture extends 300 km, the epicentral distances in Figure 1 for some northern wells exceeds 1.5 fault lengths for well, e.g., PL and JY). We only study the eight wells with large amplitude responses to tides (responses > 0.45 mm per nanostrain) to ensure that the tidal signal is well-separated from the noise level. Because the digital upgrade of the network was carried out over a long period, the beginning of the water level records and the M continuity of the data are different at each well. As a result, there is no uniform time period with high quality data for all of the wells. For seven wells, the reported water level is the distance between the wellhead and the water surface inside the well; for the one artesian well (ZZ), because the hydraulic head is higher than the ground, it is measured with a pressure transducer sampling inside a tube above the ground surface. We also check the timing of each well and make clock corrections as necessary based on the initial response time of the water level to the Wenchuan earthquake (Table 1) .
3.
Comparison of water level steps and static stress changes Zhang and Huang (2011) and Shi et al. (2012) previously measured the coseismic water level changes, and used them to estimate the static poroelastic strain caused by the Wenchuan earthquake. By comparing the calculated strain to the theoretical strain from the Okada dislocation model, they concluded that within 500 km, the sign of the co-seismic water level changes can effectively match the dislocation model, although the magnitudes may be hard to predict for some wells.
The predicted values based on the Okada model are for homogeneous and isotropic media. However, the actual complex geology as well as the confinement of the aquifer can affect the magnitude to a large extent. Zhang and Huang (2011) attributed the magnitude difference to different Skempton's coefficients which are defined under undrained conditions. Shi et al. (2012) studied seventeen nearfield wells with one-minute sampling interval data for 11 wells and hourly sampling for the remaining six wells. We do not have the hourly sampling data, but do have additional five wells from Gansu and Shaanxi Province with one-minute sampling. These new data fill in a gap in the previous dataset to the northeast of the mainshock rupture. As is shown is Figure 1b , the coseismic water level change pattern of twelve wells matches the overall pattern previously reported. The area to the East identified as extensional, has decreasing water levels whereas the regions identified as compressional along strike have increasing water levels. The water level at well YY did not respond to this large earthquake, and we cannot see any tidal responses at the frequency of M 2 and O 1 wave for this well (see below), thus we speculate that this well-aquifer may be poorly confined with significant water table drainage. The well LN and WN are located near the nodal plane; although the predicted strain is quite small, coseismic steps are shown in the water levels. The well PL is located in the compressional area but shows coseismic decreasing in water level, which may need further research.
Most of the wells show signs of coseismic water level changes tracking the poroelastic model, suggesting that the poroelastic response is dominant in determining the water level response in the nearfield. The match between the poroelastic strain and the water level responses is not new to this study, but is important to reconfirm with the current dataset as it will have important implications for the interpretation of the other measurements.
Tidal Response Method
The amplitude and phase responses of water level to Earth tides have been used to monitor aquifer storativity and permeability, respectively (Hsieh et al., 1987; Elkhoury et al., 2006; Doan et al., 2006; Xue et al., 2013) . In a confined system, small phase lags result from high permeability whereas large phase lags result from low permeability. The amplitude response is primarily a measure of specific storage. The most commonly analyzed phase is M 2 because of its large amplitude and relatively low contamination by barometric pressure or diurnal temperature fluctuations (Hsieh et al., 1987; Rojstaczer and Agnew, 1989; Doan et al., 2006) . In this work, we will also focus on the M 2 phase in our analysis.
We first calculated the tidal volumetric strain imposed by the solid Earth tides and ocean tides for each well by the "SPOTL" program (Berger et al., 1987; Agnew 1997; 2012) .We extract the tidal responses in the time domain by least squares fitting method as Hsieh et al. (1987) described. The water level is expressed as:
and the dilatation strain is expressed as:
where is the time of data point ; ( ) Only the strongest phase (M 2 ) is used for subsequent interpretation.
There are gaps in the original water level data that need preprocessing before tidal analysis. If the gap is less than 10 points (10 minutes), we interpolate linearly; if the gap is larger, we set the values to be zero. We demean and detrend the non-zero water level data, and then filter all the water level and synthetics from 10 h to 30 h by a 2 pass second-order Butterworth band-pass filter, so that only diurnal and semi-diurnal tidal components and some noise are left in this band. We further set the filtered water level data that are affected by edge effects to be zero and set the corresponding theoretical tides to be zero as well. Then we divided the data into different segments with each segment of 29.5 days, so that we can distinguish the M 2 wave from the S 2 wave. The segments are overlapped by 10% of the segment length. Then the least squares fitting procedure is applied to each segment. If the number of zero in one segment is more than 10% of the segment length, we will skip that segment. Otherwise we will plot the results at the center of each window. To study the permeability and storativity variations caused by the Wenchuan earthquake, we pick out the points within 30 days before the earthquake for each well, and estimate the mean value of these points as the initial amplitude and phase response. Then we calculate the mean value of the points within 30 days after the earthquake, and use it to subtract the initial value, so as to obtain the amplitude and phase change caused by the earthquake. For comparison, we also calculate the standard deviation of the phases and amplitudes before the earthquake for each well as the background variability. The results are shown in Table 2 .
Tidal Response Observations
The tidal responses over time for the eight wells are shown in Figure 3 . Both phase leads and phase lags are observed. The phases are always negative for wells DZ, PL and XC and positive for wells BB and JY. For the well LGH, phases are negative before the earthquake and become positive after the earthquake. For the wells ZZ and NX, the phases are around zero before the earthquake and become positive after the earthquake.
According to Hsieh et al. (1987) , for a single, homogeneous, isotropic, laterally extensive and confined aquifer, the phase shifts between Earth tides and water level are assumed to be caused by the time required for water flowing into and out of
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the well; in that case, the water table drainage effect is ignored and the phase shifts should be always negative, and phase shift increase (such as from 5° to 1° ) implies transmissivity or permeability increase (Hsieh et al., 1987; Elkhoury et al., 2006) . In this work, however, positive phase shifts are commonly observed (Figure 3 ), indicating the model of Hsieh et al. (1987) is not enough to describe the response of water level to Earth tides for this dataset. Roeloffs (1996) presented a model in which the vertical drainage to the water table can cause positive phase shifts. As is shown in Figure 4 , The phase lead of water level relative to Earth tides is observable directly in the raw data and not due to cycle skipping. The apparent lack of causality (phase lead) is a result of translating the solution of a diffusion equation in terms of mass increment to a resultant pore pressure (Wang, 2000, Sect.6.9 ). As pointed out by Roeloffs (1996) , all aquifers respond as confined systems to very short-period disturbances, and drain to the water table in response to sufficiently long-period disturbances. At the tidal period (12.42 h for M 2 ) a combination of effects is possible (partial confinement).
In our dataset, wells ZZ, NX and LGH all change the sign of the phase over time (Figure 3) . Therefore, neither end-member model is viable. The observed phase shift is a combination of the phase lag due to borehole storage effect and the phase lead due to water table drainage. If we want to precisely quantify the permeability variation with time, we have to separate the two effects. This could be done with two closely spaced wells sampling vertically offset intervals, but cannot be done with the current data.
Although we are hindered by this problem, both in the horizontal fluid flow model (Hsieh et al., 1987) and in the vertical pore pressure diffusion model (Roeloffs, 1996) , the observed phase responses can be considered as a measurement of permeability, and phase shift increase (such as from 5° to 10°) implies permeability increase. Therefore, we only report the relative changes in phase and the associated sign of the permeability changes to ensure that the results are robust regardless of the degree of water table drainage at the tidal periods.
As is shown in Table 2 , for six wells the coseismic phase shift increases and the amplitude of the increase is greater than the background phase variability. These increases in phase imply that the permeability increases at these wells after the Wenchuan earthquake. For wells PL and XC, the coseismic phase change is less than the background variability and therefore insignificant. For the well LGH, phase shift increases about 17.4 o from negative to positive, implying vertical flow may be dominant for this well after the earthquake. As previously noted, the coseismic water level change pattern in the region of the large w 7.9 Wenchuan earthquake mainly tracks the static poroelastic strain (Zhang and Huang, 2011; Shi et al., 2012) ; here the permeability increases at most of the wells regardless of whether the coseismic response for the well water level is increasing or decreasing, implying permeability enhancement is a distinct process from static poroelastic strain. A more complex, multistage process such as fracture formation or unclogging is required Elkhoury et al., 2006; Manga et al., 2012) .
M

Permeability recovery time after the earthquake
For many of the wells the permeability change is not permanent. The phase response decays gradually towards the original value, as is shown in Figure   3 . Because of the noise, we cannot tell the recovery time for three wells; however, for the other five wells, we can see the recovery time for the wells DZ, NX and BB are six to ten months; for the wells LGH and JY, it does not recover at 460 days and 180 days. It seems that the recovery time may be shorter for the wells located in the basin whose well depths are quite shallow and longer (some did not recover) for the wells located in the mountain whose well depths are deeper. We speculate that there may be more fine grains in the basin that are prone to re-clog the flow channel. Besides, the aquifer lithology for the wells LGH and JY is limestone, from which it may be more difficult to produce grains to re-clog the flow channel than sandstone and mudstone.
As the coseismic phase shift increases 17.4 o for the well LGH, it is also possible that new fractures may be formed. We noticed that after a period of time, the permeability for the well DZ is lower than the pre-seismic level. This may be because the aquifer lithology is mainly mudstone. The barriers were vibrated by the seismic waves during the earthquake, then they deposited gradually and may gather tightly and block part of the fractures that were open before the earthquake. Investigating the physical origin of the distinction may be a useful subject for future research.
Conclusions
We observe a systematic phase shift increase of the tidal response at most stations near the Wenchuan earthquake, regardless of the orientation of the poroelastic strain. This observation shows that dynamic permeability enhancement happens in the nearfield, simultaneously with the coseismic water level changes that have been previously attributed to static stress changes. The calculated coseismic poroelastic strain (Toda et al., 
